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Abstract
M ozambique tilapia (Oreochromis mossambicus) confronted with m agnesium  shortage in water and diet, 
continue to grow, but develop m agnesium  deficiency, in particular when the diet is magnesium poor. 
Pronounced decreases in scale and vertebral bone m agnesium content occurred within 8 weeks o f  m ag ­
nesium deficient conditions and m agnesium  appears to be mobil ized from scales and bone, probably to 
guarantee muscle m agnesium  homeostasis.  M agnesium deficiency coincided with increased calcium and 
sodium content, and a low potassium content o f  the body. The slight, but significant, decrease in muscle 
m agnesium concentration was accom panied  by a marked increase in sodium concentration. Decreased 
tissue m agnesium  levels accom panied  by high sodium levels were also observed for vertebral bone, but 
not for scales. An increased opercular  chloride cell density was found in all experimental groups, but the 
branchial N a +/K +-A TPase  specific activity was not affected. The prolactin cell activity was comparable  
in all groups. W e conclude that m agnesium  deficiency leads to severe perturbations o f  the mineral 
homeostasis o f  hard, and eventually, soft tissues and that fish are less sensitive to such perturbations than 
higher vertebrates. The relation between magnesium deficiency and mineral balance may reflect the 
dependence o f  cellular ion transport m echanism s and cell m em brane  permeabili ty  to ions on magnesium.
Introduction
Several studies showed that m agnesium defi­
ciency in vertebrates is accom panied  by distur­
bances in the balance o f  other important minerals 
such as calcium, potassium and sodium (MacIntyre 
and Davidson 1958; Ogino and Chiou 1976; 
Cowey et al. 1977; Ogino et al. 1978; Shim and 
Ng 1988; Rude 1989; Van der Velden et al. 1991, 
1992a), and it has been suggested that this rela­
tionship reflects the m agnesium  dependence o f  
cellular ion transport mechanisms, such as the 
N a 7 K +-ATPase  (Rude 1989), the N a +,K+,C1 
symporter (Flatman 1988) and K + channels (Dorop
and Clausen 1993). This hypothesis is supported 
by the fact that an experimentally  induced m ag­
nesium deficiency in rabbits caused an increase in 
sodium levels and a decrease in potassium levels 
in skeletal muscle (Zum kley  and Lehnert 1984). 
It was suggested that this reflects the dependence 
o f  the N aV K +-ATPase, the principal regulator o f  
cellular potassium and sodium levels, on intracel­
lular magnesium. Alternatively, magnesium may 
influence ion m ovem ent across cellular m em ­
branes through its action on m em brane  perm e­
ability or control o f  ion channels  (Matsuda 1991; 
Dorop and Clausen 1993).
M agnesium deficiency in freshwater fish also
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is associated with  both high sodium and calcium 
levels, as well as low potassium levels (Cowey et 
al. 1977; Knox et al. 1981; Shim and Ng 1988; 
Dabrowska et al. 1991), but little is known about 
the mechanism(s)  governing this interaction. For 
trout deficient in m agnesium  it was suggested that 
the increase in muscle  sodium content was due to 
a decrease in cell water  coupled with an increase 
in extracellular volume (Cowey et al. 1977; Knox 
et al. 1981). Such changes in the mineral status 
and water content o f  tissues are suggestive o f  
changes in ccll m em brane  permeabili ty  that could 
cause an increased ion turnover. The action o f  
m agnesium  ions on the fluidity o f  cellular m e m ­
branes may underlie this phenom enon  (Schof- 
feniels 1967; Ebel and G ünther  1980; Cowan 
1995). The permeabili ty  o f  osmoregula tory  epi- 
thelia may also be affected through this m echa­
nism as it was demonstra ted  that external m ag ne ­
sium and calcium levels influence branchial 
epithelial permeabili ty  to both water and ions 
(Potts and Fleming 1971; D harm am ba and Maetz 
1972; O gaw a 1974; W endelaar  Bonga et al. 
1983). The question arises whether  internal m ag ­
nesium levels can have similar effects on m e m ­
brane permeabili ty  and ion turnover in o sm o ­
regulatory organs like the gills. Certainly some 
data suggests that it can. For instance, in carp it 
was shown that m agnesium  deficiency was asso­
ciated with changes in branchial ion regulation 
(viz. an increased opercular  chloride cell density 
and a decreased branchial N a 7 K  -ATPase activ­
ity), that coincided with an increased sodium con­
tent o f  the bone (Van der Velden et al. 1992a). 
Further, in M ozam bique  tilapia a low dietary 
m agnesium  intake decreased sodium influx across 
the gills (Van der Velden et al. 1991; 1992b). 
Interestingly, enhanced prolactin activity p re­
ceded the occurrence o f  m agnesium  deficiency 
sym ptom s in M ozam bique  tilapia, suggesting that 
the low dietary m agnesium  intake triggered a pro­
lactin mediated response (Van der Velden et al.
1992b).
As the M ozam bique  tilapia is extremely effi­
cient in magnesium handling and water borne 
m agnes ium  may compensate  for a low-magne- 
sium diet (Bijvelds et al. 1996), we here discuss 
the effects o f  low-magnesium feeding over an ex ­
tended period o f  time on the mineral status o f  fish 
kept in artificial fresh water with or without
added magnesium. Calcium, m agnesium , potas­
sium and sodium levels were measured  in whole 
body samples, m uscle  and in hard tissues o f  the 
scales and vertebral bone. Effects o f  external 
m agnesium  on ion regulatory m echanism s o f  the 
gills and on prolactin activity were studied. Pos­
sible m echanism s for the interaction between 
m agnesium  deficiency, branchial ion regulation 
and mineral status are discussed.
Materials and methods
Ex peri m en ta I co n di ti o ns
M ozam bique  tilapia, Oreochroniis mossambicus 
(Peters), o f  both sexes and weighing  about 40 g 
were obtained from laboratory stock, reared in 
N ijm egen tapwater  (0.2 mmol I-1 M g :+) at 26°C 
under a photoperiod o f  12 h o f  light alternating 
with 12 h o f  darkness. From this stock 160 fish 
were weighed and devided into 4 groups o f  40 
fish: o f  every 4 fish taken from the stock con ­
secutively, the first was transferred to group 1 , te 
second to group 2, etc. Each o f  these groups were 
kept in separate all-glass aquaria and the density 
o f  fish in the aquaria did not exceed 16 g 1 1 
water. At the start o f  the experiment,  the tapwater 
was replaced by artificial fresh water  containing 
0.4 mmol l“1 NaCl, 0.1 mmol l_l N a ^ S 0 4, 0.06 
mmol I-1 KC1, 0.8 mmol I-1 C a C f  and 0.2 mmol 
1 1 M g S 0 4. The water was recirculated over nylon 
filters and continuously  replaced by infusion at a 
rate o f  20 1 day '. The water pH was kept at 6.5 
by titration with a concentrated NaOH solution. 
Initially, all groups were fed a control diet (Hope 
Farms, W oerden, The Netherlands),  at a daily ra­
tion o f  2% o f  the total body weight; this food 
contained 30 mmol m agnesium  per kg (deter­
mined on food digested in concentrated HNO, 
with Inductively Coupled  Plasma Atomic Emis­
sion Spectrophotometry, ICP-AES; Plasma IL200. 
Therm o Electron, USA). After 3 weeks the artifi­
cial fresh water  in two groups was replaced over 
a 7 day period by artificial fresh water  without 
magnesium, containing 0.3 mmol f 1 N a , S 0 4, 0.06 
mmol 1 1 KC1 and 0.8 mmol 1 '  C a C l0. The m ag­
nesium concentration o f  the water after 7 days of 
replacement had decreased below 0.005 mmol
1 1 (determined with ICP-AES). After this 7 day
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Table I. Exposure  o f  M ozam bique  tilapia to different m ag n e ­
sium concentra t ions  in the diet and water. After  all fish had 
been kept for three w eeks  under control conditions,  one group 
was fed a low -m agnes ium  diet (LD; 1.5 mmol kg 1 m ag n e ­
sium), one group was kept in low -m agnes ium  w ater  (LW ; less 
than 0.005 mmol 1 m agnes ium ),  and one group was exposed 
to both low -m agnes ium  w ater  and a low -m agnes ium  diet (LD- 
LW)
Group
M agnes ium  concentra tion in water  and diet
Initial Experim enta l
W ater Diet W ater Diet
Control 0.2 30 0.2 30
LD 0.2 30 0.2 1.5
LW 0.2 30 <0.005 30
LD-LW 0.2 30 <0.005 1.5
C oncen tra t ions  in w a te r  are m m ol I 1 and in the diet m m ol 
kg '.
period, for two groups o f  fish, one kept in artifi­
cial fresh water  and one kept in low-m agnesium  
artificial fresh water, the control diet was re­
placed by a low-m agnesium  diet containing 1.5 
mmol m agnesium  per kg food (Hope Farms, 
Woerden, The Netherlands).  This procedure re­
sulted in four experimental groups (Table 1). The 
magnesium concentration o f  the water  was m oni­
tored weekly with the ICP-AES technique. The 
actual m agnesium  concentrations measured were 
0.19 ± 0.02 (mean ± SD, n = 8 ) and 0.003 ± 0.002 
(n=8 ) mmol I-1, for artificial fresh water and low- 
magnesium artificial fresh water, respectively.
Preparation o f  samples
At the start o f  the experiment and after 8 weeks, 
fish were weighed and samples o f  6 fish per group 
were taken by selecting every 6th (at the start) or 
3rd (after 8 weeks) fish weighed. Fish were 
stunned by a blow to the head and killed by spinal 
transection. The left operculum and underlying 
gill arches, and the pituitary gland were quickly 
excised. From the lateral side o f  the body, along 
the lateral line, ten scales were sampled. A small 
portion o f  the boneless dorsal musculature was 
collected and vertebrae just  behind the anal fin 
were excised and cooked in a microwave oven (3 
min at 700 W), in order to facilitate separation o f  
bone and muscle tissue. Scales, muscle tissue and
vertebrae were weighed to the nearest 0.1 mg, 
lyophilized, and weighed again. The lyophilized 
tissue samples (always less than 100 mg) were 
digested in 250 jliI concentrated HNO, for 1 h at 
60°C and left overnight at room temperature. The 
remainder o f  the fish was weighed and digested 
in H N 0 3 (1 ml per g wet weight) at 60°C for 2 h 
and left to stand at room temperature for another 
48 h. Samples o f  digested tissue were stored at 
- 2 0 ° C  until further analysis.
Mineral concentration o f  tissue samples
Tissue and whole body digest samples were d i­
luted with doubly distilled water. M agnesium and 
calcium concentrations were determined with 
ICP-AES. Sodium and potassium concentrations 
were determined with a flame photometer  (Radi­
om eter  FLM3, Copenhagen, Denmark).
Opercular chloride cell density
Freshly dissected opercula were incubated in tap­
water containing 20 jamol 1 1 2-(4-dimethylamino- 
styryl)-N-ethyl-pyridinium iodide (DASPEI; ICN 
Biomedicals,  Zoetermeer,  The Netherlands) for 4 
to 6 h at 5°C ( Bereither-Hahn 1976). Opercula 
were rinsed in tapwater  and the density o f  fluor­
escent cells was established at anatomically fixed 
spots (W endelaar  Bonga et al. 1990). Twentyfive 
sites per fish in a single operculum (total surface 
area is 5 m m 2) were scored. Chloride cell density 
is expressed as the num ber o f  DASPEI positive 
cells per m m 2.
Branchial Na' / K ' -ATPase activitx
Freshly excised gill arches were scraped with a 
microscope slide to remove the branchial epithe­
lium. The collected tissue was transferred to an 
ice-cold isotonic buffer containing 300 mmol 1 1 
sucrose, 0.1 mmol 1 1 (ethylenedinitrilo)tetraace- 
tic acid (EDTA), 20 mmol 1 1 4-(2-hydroxyethyl)-  
1-piperazineethanesulfonic acid (HEPES),  set to 
pH 7.8 with 2-am ino-2-hydroxym ethyl-1 ,3-pro­
panediol (Tris). The ice-cooled suspension was 
homogenized  by sonication for 10 s. Protein
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Table 2. W hole  body wet w eight  o f  M ozam bique  tilapia e x ­
posed to a low -m agnes ium  diet, low -m agnes ium  water, or 
both
G roup  W hole  body weight  (g)
At the start After  eight w eeks
Control 41.3 ± 12.1 62.3 ± 19.9
LD 39.5 ± 10.0 53.4 ± 12.9
LW 38.1 ± 10.3 59.5 ± 13.6
LD-LW 40.0 ± 9.5 59.8 ± 15.6
Data show n as m ean ± SD (n = 6).
Table 3. W ater  content o f  scales, m uscle  and vertebral bone 
o f  M ozam bique  tilapia exposed  for 8 w eeks  to a low -m agne­
sium diet, low -m agnes ium  water,  or both
G roup  W ater  content (m ass  percentage)
M uscle  Scales  Vertebral bone
Control 73.8 ± 0.9 45.6 ± 0.5 40.2 ± 5.4
LD 71.9 ± 3.0 46.0 ± 0.6 40.2 ± 3.7
LW 71.0 ± 4.6 46.8 ± 0.5 41.0 ± 3.6
LD-LW 74.8 ± 0.9 46.0 ± 0.7 40.9 ± 3.8
Data shown as mean ± SD (n = 6 ).
concentration was determined with a commercial  
Coomassie  blue reagent kit (Biorad) according to 
the method o f  Bradford (1976). Substrate access i­
bility was optimized by permeabilisation o f  the 
membrane suspension with saponin (0.2 mg mg 1 
protein, for 10 min at 25°C). Na 7 K ‘-ATPase  ac­
tivity was determined by the method o f  Bonting 
and Carvaggio (1963). Enzyme activity is ex ­
pressed as the ouabain sensitive, potassium de­
pendent,  inorganic phosphate (P () release per h 
per mg protein.
Prolactin cell activity
The collected pituitaries were processed for e lec­
tron microscopy analysis as described previously 
(W endelaar  Bonga and Van der Meij 1980).
Statistical analysis
The K olm ogorov-Sm im ov  test was used to ensure 
that the variables did not deviate from the normal 
probability distribution. Subsequently,  differences 
am ong groups were assessed by means o f  a tw o ­
way analysis o f  variance (A N O V A ),  and signifi­
cance o f  differences between variances was 
tested with the F-test, and accepted at p < 0.05. 
Values are presented as means ± SD.
Results
Growth rate
Table 2 lists the average weight o f  fish exposed 
to a low -m agnesium  diet (LD), low-magnesium 
water (LW ), or both (LD -LW ),  at the start o f  the 
experiment,  and after 8 weeks. No significant 
weight differences were found between groups at 
the start o f  the experiment nor after 8 weeks.
Tissue water content
The water content o f  scales, muscle and vertebral 
bone at 8 weeks was not affected by the treat­
ments (Table 3).
Whole bodv and tissue mineral concentration
mr
The m agnesium , calcium, potassium and sodium 
concentrations o f  whole body, scales, muscle and 
vertebral bone o f  the respective experimental 
groups after an 8 week exposure to low m agne­
sium conditions are shown in Table 4. The con­
trol values after 8 weeks were not significantly 
different from the respective mineral concentra­
tions measured at the start o f  the experiment. 
Significant differences were not observed be­
tween groups at the start o f  the experiment (re­
sults not shown).
W hole body m agnesium  concentrations and 
m agnesium  concentrations o f  scales, muscle and 
vertebral bone (Table 4a) decreased in the LD- 
LW group. The scales o f  the LD group showed a 
less pronounced, but significant, decrease o f  the 
m agnesium  concentration. The m agnesium  con­
centrations o f  whole body and tissues o f  the LW 
group remained at the control level, except for a 
slight decrease o f  the scale m agnesium  concen­
tration after 8 weeks. For all tissues, a highly sig­
nificant interaction (p < 0 .0 0 1) was observed 
between exposure to low ambient and dietary 
m agnesium  levels.
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Table 4. W hole  body and tissue m agnes ium  (a), calc ium (b), potassium (c) and sodium (d) concentra t ion o f  M ozam bique  tilapia 
exposed for 8 w eeks  to a low -m agncs ium  diet, low -m agnes ium  water, or both
Group W hole  body 
(j.imol g 1 wet weight)
M uscle  
(fimol g 1 dry weight)
Scales 
(f.imol g 1 dry weight)
Vertebral bone 
(jimol g 1 dry weight)
a. Magnesium concentration
Control 14.5 ±  0.8 48.1 ±  3.3 103.6 ±  6.6 120.6 ±  12.1
LD 14.6 ±  0.8 48.2 ±  2.8 89.1 ± 6.7*** 108.4 ±  10.0
LW 14.8 ±  0.3 49.6 ±  2.2 94.3 ± 4 . 1 * * 117.3 ±  5.8
LD-LW H  3 ± 0.9*** 43.2 ±  3.4* 63.7 ±  2.6*** 81.7 ± 12.0***
b. Calcium concentration
Control 304.6 ±  8.4 9.3 ±  1.7 4412 ±  271 4416 ±  212
LD 339.5 ±  18.8*** 11.2 ± 2.6 4359 ± 271 4462 ± 338
LW 306.7 ±  7.1 12.6 ±  2.4 4217 ± 208 4222 ±  255
LD-LW 345.4 ±  14 9*** 10.7 ±  2.4 4330 ±  123 4543 ±  134
c. Potassium concentration
Control 89.2 ±  1.8 467.3 ± 59.6 38.1 ±  6.3 156.0 ±  10.7
LD 90.2 ±  4.5 482.7  ±  25.4 36.8 ±  10.8 160.2 ±  9.2
LW 89.3 ± 2.1 483.6  ±  20.1 43.4 ±  6.0 161.4 ± 16.8
LD-LW 76.9 ±  1.6*** 451.1 ±  27.0 43.0 ±  6.7 147.3 ±  18.4
d. Sodium concentration
Control 60.6 ±  4.0 112.5 ±  26.4 216.4 ± 5.8 166.3 ±  19.3
LD 66.3 ± 2.8* 126.8 ± 23.5 208.6 ± 35.0 164.8 ±  19.6
LW 63.2 ± 3.9 1 16.0 ±  12.9 220.9 ±  19.8 155.9 ±  18.0
LD-LW 81.4 ±  3.0*** 205.2 ±  27.7*** 238.8 ±  14.8 202.3 ±  16.6*
Data show n as m ean ± SD (n = 6 ); values marked  with an asterisk are significantly different from the control value in the same 
column; *p < 0.05; **p < 0.01; ***p < 0.001.
The whole body calcium concentration was 
affected in both the LD group and in the LD-LW  
group (Table 4b). No changes in calcium concen­
tration were observed in scales, muscle or verte­
bral bone.
The whole body potassium concentration o f  the 
LD-LW  group was significantly lower than the 
control value (Table 4c). No significant differ­
ences were observed in tissue potassium concen­
tration between groups.
In the- LD -LW  group, the whole body sodium 
concentration, as well as the sodium concentra­
tion o f  muscle and vertebral bone, but not o f  
scales, had increased (Table 4d). In the LD group, 
the whole body sodium concentration had also 
increased, although to a lesser extent. Sodium 
levels o f  the LW group were not affected.
Opercular chloride cell density and branchial 
N a ' /K ' -A TPase activi t y
After 8 weeks the opercular chloride cell density 
had increased significantly in all experimental 
groups, whereas the chloride cell density o f  the
control group remained constant throughout the 
experiment.  The high opercular chloride cell den­
sity o f  the LD-LW  group reflected a significant 
interaction (p < 0.05) between exposure to low 
ambient and dietary magnesium levels. No signif­
icant differences were observed in branchial N a 7 
K '-A T P ase  activity between groups (Table 5).
Prolactin cell activity
r
Low-m agnesium  exposure for 8 weeks had no 
effect on prolactin cell activity as judged  from the 
morphometrical  analysis o f  prolactin cells o f  the 
pituitary gland. No differences were observed 
between groups in the fractional area o f  mito­
chondria, Golgi apparatus or granular endoplas­
mic reticulum (Table 6 ).
Plasma calcium concentration
No significant differences were observed in the 
ultraflltrable plasma calcium concentration after 8 
weeks o f  treatment. The respective concentra-
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Table 5. O percu la r  chloride cell density  and branchial N a 7 K ‘- 
A T Pase  activity (expressed as P release) o f  M ozam bique  
tilapia exposed  for 8 w eeks  to a low -m agnes ium  diet, low- 
m agnes ium  water, or both
G roup Chloride  ccll densitv 
(cells per m m 2)
N a ' / K ’-A T Pase  activity 
(jimol h 1 m g 1 protein)
Control 156 ±  32 6.3 ±  0.8
LD 279 ± 43* 6.9 ± 2.3
LW 251 ±  40* 6.7 ± 1.4
LD-LW 454 ±  42* 5.2 ± 0.9
Data show n as m ean  ± SD (n = 6); values m arked  with an 
asterisk are significantly different from the control value in 
the sam e column; *p < 0.001 .
Table 6. M orphometrica l  analysis  o f  electron m icrographs  o f  
prolactin cells o f  M ozam bique  tilapia exposed  for 8 w eeks  to 
a low -m agnes ium  diet, low -m agnes ium  water,  or both. Frac­
tional area o f  mitochondria ,  Golgi appara tus  and granular  
endoplasm ic  re ticulum (G ER ) are presented as percentages o f  
the cy toplasm ic  area
Group M itochondria Golgi apparatus GER
Control 3.2 ±  1.0 5.6 ± 1.6 23.5 ±  5.6
LD 3.5 ±  2.5 6.8 ±  1.3 22.4 ±  3.6
LW 2.7 ± 0.9 5.2 ±  1.9 22.7 ±  0.4
LD-LW 2.3 ±  0.9 4.6 ±  0.9 24.6 ±  1.4
Data show n as m ean  ± SD (n 5).
tions were 1.33±0.20 mmol 1 1 for the control 
group, 1.52±0.15 mmol 1 1 for the LD group, 
1.78±0.29 mmol 1 1 for the LW group, and 
1.41 ±0.32 mmol 1 1 for the LD -LW  group.
Discussion
Mineral contení o f  tissues
The inverse relationship between m agnesium  
and sodium levels in vertebral bone observed in 
this study suggests that sodium may occupy bone 
m agnesium  sites when m agnesium  availability is 
low. M agnesium in bone tissue is deposited pre­
dominantly  as m agnesium  whitlockite, C agMg 
( H P 0 4) ( P 0 4)( . Sodium may be precipitated in a 
whitlockite structure, C a t).xN ax( P 0 4)(i x (0< x< l) ,  
or in apatite C a )0 xN ax( P 0 4) ^ x( C 0 3)1+x (0<x<1.5) 
(Driessens 1982; Driessens et al. 1987). The bone 
m agnes ium  concentration o f  the LD -LW  group 
was 39 fimol g 1 dry weight lower than in the
control group (120 .6 -81 .7  |imol g dry weight; 
see Table 4a) whereas bone sodium was 36 jiinol 
g 1 dry weight (202 .3 -166 .3  jiinol g 1 dry weight; 
see Table 4d) greater. These values are consistent 
with the exchange  o f  sodium for m agnesium  in 
whitlockite,  or the replacement o f  magnesium 
whitlockite  by sodium apatite, in which cases 
sodium would  replace m agnesium  on the near 
equim olar  basis observed. However,  this close 
relation does not apply to all hard tissues. For 
instance, the scales contained the most readily 
recruitable m agnesium  pool, but showed no sig­
nificant changes  in sodium levels. Therefore,  a 
simple exchange  o f  deposited m agnesium  for so­
dium in scales seems unlikely and the relation 
between  m agnesium  and sodium is clearly more 
complex.
The lar^e increase in sodium concentration of 
muscle, when com pared  to the hard tissues, ma\ 
reflect the different role o f  m agnesium  in soft 
tissues. In bone tissue, the function o f  magnesium 
is probably biomechanical  and as a store o f  mag­
nesium. In soft tissues, ionic m agnesium  is a co­
factor in num erous enzymatic  processes. This 
may explain why the m agnesium  levels in muscle 
decrease only slightly. As is demonstra ted  here, a 
relatively small change in m agnesium  concentra­
tion causes large perturbations in the sodium 
composit ion o f  the muscle  tissue, which may 
eventually lead to muscle  dysfunction. The high 
sodium concentration in muscle tissue o f  magne­
sium deficient m am m als  and fish has been attrib­
uted to a reduction in the cell water  content and 
a concomitant  increase in the extracellular vol­
ume, associated with high sodium levels (M ac­
Intyre and Davidson 1958; Knox et al. 1981).
The effects o f  m agnesium  deficiency on cal­
cium, potassium and sodium levels may reflect an 
interaction o f  m agnesium  deficiency with cellular 
ion permeabili ty  or ion transporters in osmo­
regulatory epithelia and other tissues. Calcium 
deposition in the body increased in fish fed a low- 
m agnesium diet, even when the body magnesium 
content was not notably affected. Magnesium 
may influence intestinal calcium absorption, by 
com peting  for the same transport mechanism 
(Ebel 1990; Karbach and Rummel 1990), al­
though there is evidence to suggest that trans- 
cellular m agnesium  absorption proceeds through 
a distinct, calcium independent pathway (Hard­
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wick et al. 1990; Karbach et al. 1991; Kayne and 
Lee 1993). A low dietary m agnes ium  intake may 
herefore result in an increased calcium absorp­
tion. Furthermore, Driessens et al. (1987) sue- 
jes ted  that m agnesium  deficiency affects calcium 
deposition by disturbing the, po tass ium -depend­
ent, acid-base regulation o f  the bone extracellular 
luid. As a result, other body fluids may become 
supersaturated with octocalcium phosphate, which 
can lead to spontaneous calcification processes 
hroughout the body. Tissues which seem to be 
especially prone to calcification are the kidneys, 
he heart and the arteries (Driessens et al. 1987). 
In fish, a low dietary m agnes ium  intake was 
shown to induce renal calcinosis in trout (Cowey 
et al. 1977). The high susceptibility o f  these soft 
tissues to calcification may explain why the in­
crease in calcium content o f  the body observed in 
he present study was not reflected in the calcium 
concentration o f  the bone and muscle  tissues, 
which are less susceptible to spontaneous calcif i­
cation (Driessens et al. 1987).
Severe disturbances in the potassium and, most 
notably, sodium balance were apparent in fish 
developing a frank m agnesium  deficiency. Pertur­
bation o f  the sodium- and potassium balance may 
be explained by a similar mechanism, and be 
ascribed to the inhibition o f  cellular ion transport 
by low m agnesium  levels. Both the activity o f  the 
MaVIC-ATPase and the N a \ K  ,C1 symporter  are 
modulated by intracellular m agnesium  (Flatman 
1988; Rude 1989), and it has been implied that a 
loss o f  intracellular m agnesium  results in potas­
sium loss (Zumkley  and Lehnert 1984; Rude
1989). These enzym es are present in most or all 
cells, and serve a role in the regulation o f  potas­
sium level, sodium level, and cellular volume 
(Glynn and Ellory 1985; Haas 1994). Thus, both 
transport m echanism s may be involved in the 
shift in the potassium/sodium ratio observed in 
this study, and the reduction in cell water content 
reported previously (MacIntyre and Davidson 
1958; Knox et al. 1981). Other mechanisms, such 
as potassium efflux through m agnesium  depend­
ent potassium channels  (Dorop and Clausen 
1993), may also be involved.
Opercular chloride cells, branchial NaWK - 
ATPase activity and prolactin cell activity
The opercular chloride cell density in M o zam ­
bique tilapia is a reliable indicator o f  branchial 
chloride cell density (Wendelaar Bonga et at.
1990). Thus, our data suggest that exposure to 
low-magnesium water or a low-m agnesium  diet 
increase the branchial chloride cell density. C h lo ­
ride cells are the principal cell types o f  the 
branchial epithelium involved in the uptake o f  
minerals  from the water, and an increased chlo­
ride cell density may, therefore, indicate a c o m ­
pensatory response to ionoregulatory distur­
bances, induced by low-magnesium conditions. 
The increased chloride cell density, together with 
the observation that the branchial N a ' /K ' -A T P a s e  
specific activity does not increase proportionally, 
indicates that low-magnesium exposure induces 
changes in the enzymatic  make-up o f  the chloride 
cell population. It is characteristic for the pres­
ence o f  high numbers o f  developing and degener­
ating chloride cells; although these cells are 
DASPEI positive, they contain less NaVK - 
ATPase activity than mature, functional chloride 
cells, explaining why the N aV K '-A T P ase  activity 
remains relatively low despite the high chloride 
cell counts. A high chloride cell density in co m ­
bination with a relatively low branchial NaVK - 
ATPase specific activity, has been related to sev­
eral other environmental factors, such as water 
acidity (Wendelaar Bonga et al. 1990) and cad­
mium exposure (Pratap and W endelaar  Bonga 
1993), and it may be a non-specific acclimatory 
response, induced by stressors that interfere with 
ion regulation (W endelaar  Bonga 1993).
How external m agnesium  may interfere with 
branchial ion regulation is unclear. Low ambient 
calcium levels increase branchial permeability to 
monovalent  ions and water (Potts and Fleming 
1971; D harm am ba and Maetz 1972) and, con­
versely, a decrease in this permeability has been 
reported at high water calcium or m agnesium lev­
els (Ogawa 1974; W endelaar Bonga et al. 1983). 
In the present study, exposure to low water m ag­
nesium levels induced a decrease in scale m agne­
sium concentration. Apparently  water borne m ag ­
nesium is important for the maintenance o f  m ag­
nesium balance, possibly by acting on integu- 
mental permeability. However, it has been shown
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before that under low -m agnesium  conditions the 
net integumental m agnesium  uptake essentially 
equals the unidirectional influx, indicating that 
m agnesium  efflux across the body wall is negligi­
ble (Bijvelds et al. 1996). W e show here that a 
prolonged, chronic, prolactin response does not 
occur during adaptation to low -m agnesium  cond i­
tions. W e found no morphological  evidence for 
prolactin cell activation, nor for a p lasma hyper­
calcemia, distinctive for prolactin activity in this 
species (Flik et al. 1994). Prolactin has a crucial 
role in branchial permeabili ty  control, and its 
activity has been related to environmental  factors 
which affect hydromineral  balance, such as pol­
lutants and ambient salinity (W endelaar  Bonga 
1993). We therefore conclude that M ozam bique  
tilapia kept under low-m agnesium  conditions can 
maintain a low branchial permeabili ty  to water 
and ions.
In conclusion, m agnesium  deficiency in M o­
zambique tilapia leads to a decrease in m agne­
sium and potassium deposition, and an increase in 
calcium and sodium deposition. However,  m ag ­
nesium deficiency did not affect growth, as m eas­
ured by weight increase, or survival o f  the M o ­
zambique tilapia. Therefore, this species seems to 
be less sensitive to disturbances o f  the tissue 
mineral balance than some other fish species and 
higher vertebrates, in which similar  changes in 
the mineral composit ion o f  tissues lead to dys­
function, and m agnesium  deficiency causes re­
duced growth or weight loss, and, eventually, a 
high mortality (MacIntyre  and Davidson 1958; 
W oodw ard  and Reed 1969; Ogino and Chiou 
1976; Cowey et al. 1977; Gatlin et al. 1982; 
Shils 1988; Shim and Ng 1988; Shearer 1989; 
Dabrowska et al. 1991). The effects o f  m agn e­
sium deficiency on the mineral balance o f  the 
M ozam bique tilapia are not caused by a loss o f  
branchial permeabili ty  control, as a low dietary 
m agnesium intake or low m agnesium  levels in the 
ambient water  did not affect branchial N a 7 K +- 
ATPase activity and prolactin cell activity, which 
are indicators o f  ionoregulatory control. M oreo­
ver, conditions that severely com prom ise  in tegu­
mental permeabili ty  control in fish will increase 
the energy expenditure  for regulation o f  the ion- 
and water balance, resulting in a decreased 
growth. Conversely ,  the weight gain o f  the M o ­
zam bique tilapia was not affected by a low m ag ­
nesium intake (and is similar to that observed 
previously for M ozam bique  tilapia o f  this size, 
Flik et al. 1993), and this may, therefore, be in­
terpreted as further evidence that m agnesium  de­
ficiency does not cause a severe loss over  control 
o f  branchial permeabil i ty  to ions and water. H o w ­
ever, the perturbations in mineral balance caused 
by m agnesium  deficiency do indicate that m agne­
sium is important in the regulation o f  body m in­
eral composition. A low dietary m agnesium  in­
take increases the calcium deposit ion in the body, 
probably by enhancing intestinal calcium absorp­
tion and calcification. The high sodium levels in 
conjunction with low potassium levels suggest 
that m agnesium  deficiency leads to disturbances 
in cellular ion transport.
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